Planar cell polarity (PCP) in epithelia, orthogonal to the apical-basal axis, is essential for numerous developmental events and physiological functions. Drosophila model systems have been at the forefront of studies revealing insights into mechanisms regulating PCP and have revealed distinct signaling modules. One of these, involving the atypical cadherins Fat and Dachsous and the ectokinase Four-jointed, appears to link the direction of cell polarization to the tissue axes. We discuss models for the function of this signaling module as well as several unanswered questions that may guide future investigations.
The polarity of epithelial cells is reflected in the asymmetric localization of membrane domains, organelles, and external structures that form along the apical-basal axis and, in many tissues, also along a planar axis orthogonal to the apical-basal axis (Fig. 1) . Coordinating the polarity of individual cells in a tissue to generate precisely organized tissue geometry is an essential feature of morphogenesis necessary for proper function. Polarization along the planar axis, referred to as planar cell polarity (PCP), is controlled by signaling mechanisms that orient asymmetric cellular structures and cell divisions and direct cell migration and oriented neighbor exchanges.
Mechanistically revealing studies of PCP have relied heavily on genetically tractable insect model systems. The most intensively studied of these is the Drosophila wing, which displays planar-polarized alignment of its ;30,000 cells, each producing a single trichome (or ''hair'') on the distal site of the cell (Fig. 1) . It is important to note, however, that this is a manifestation of just one of several distinct and apparently independent mechanisms identified in flies that can produce planar polarization. The signaling system regulating PCP in the wing, together with the genetically closely related signals controlling polarity in the, eye, abdomen, and embryonic ventral epidermis (and undoubtedly other tissues), is commonly referred to as the PCP signaling system.
Planar polarization is likely present in most or all animals and contributes to a variety of developmental processes. A substantial body of evidence has shown that PCP signaling components and the mechanisms in which they participate are evolutionarily conserved across the phylogenetic tree. As such, PCP has important functions in a broad array of developmental and physiological contexts, and defects in PCP signaling have been associated with many developmental anomalies and diseases. In vertebrates, PCP signaling operates in many contexts, and examples include convergent extension during anteroposterior (A-P) axis elongation, positioning of motile and sensory cilia, and polarization of skin and hair follicles (for review, see Wallingford 2012) . Defects in PCP signaling have been associated with many developmental anomalies and diseases, including open neural tube defects (for review, see Simons and Mlodzik 2008; Copp and Greene 2010) , polycystic kidneys (for review, see Simons and Walz 2006; Wallingford 2006; Wang and Nathans 2007; Simons and Mlodzik 2008) , conotruncal heart defects (Garriock et al. 2005; Phillips et al. 2005 Phillips et al. , 2007 Henderson et al. 2006) , deafness (Curtin et al. 2003; Montcouquiol et al. 2003 Montcouquiol et al. , 2006 Lu et al. 2004; Davies et al. 2005; Wang et al. 2005 Wang et al. , 2006a Deans et al. 2007; Qian et al. 2007; Jones et al. 2008) , and situs inversus (for review, see Santos and Reiter 2010) . PCP is also believed to underlie the directed migration of malignant cells during invasion and metastasis (Weeraratna et al. 2002; Katoh 2005; Coyle et al. 2008; Kuriyama and Mayor 2008) and wound healing (Lee and Adler 2004; Caddy et al. 2010) . These examples illustrate the importance of PCP in higher organisms. Not surprisingly, however, mechanistic studies in higher organisms lag substantially behind those from Drosophila, and this is particularly true for the Fat/Dachsous/Four-jointed (Ft/Ds/Fj) module that is the focus of this review. We therefore primarily describe work in Drosophila and briefly return to vertebrate studies at the conclusion.
Despite substantial gains in the past two decades, a firm understanding of the mechanisms that establish and maintain planar polarity remains elusive. It is well accepted that an underlying principle of PCP signaling is local communication between neighboring cells. This intercellular signaling distinguishes PCP signaling from single-cell polarization mechanisms (e.g., chemotaxis) that are cellautonomous (for review, see Swaney et al. 2010) . Consequently, the local alignment of individual cells is controlled by the emergent behavior of cellular ensembles. Here, we review our current understanding and major outstanding questions about the roles of the cadherins Fat and Dachsous in the PCP signaling process.
PCP in flies
In the wing-and similarly in most of the adult cuticle, including the abdomen-each cell produces a single trichome or ''hair'' on its apical surface. Hairs point distally (or posteriorly), forming a parallel array (Fig. 1) . The location of prehair initiation determines its direction, as hairs are always seen to point away from the center of the cell; thus, prehair initiation on the distal side of the cell produces wild-type polarity. Therefore, by providing information to distinguish a specific side of the cell, PCP signaling determines the direction in which hairs point. The Drosophila eye is composed of ;800 ommatidia, each containing eight photoreceptor cells and other accessory cells. The eight photoreceptors in each ommatidium are arranged in either of two chiral forms along the dorso-ventral axis (Fig. 2) . This chirality follows from the asymmetric fate specification of the R3 and R4 photoreceptor precursor pair. In wild type, R3 is specified closer to the equator, producing the normal pattern of dorsal and ventral chirality in either half of the eye. The R3 and R4 precursors are equipotent until PCP signaling specifies the direction of asymmetry (Zheng et al. 1995) . Notch signaling between the precursors then directs the divergent cell fates, from which the opposite chiral morphologies follow (Cooper and Bray 1999; Fanto and Mlodzik 1999) . Other tissues receive polarity information from the PCP pathway but have been less extensively studied and are not discussed further here.
The PCP pathway
Genetic and molecular analyses in the Drosophila wing, abdomen, and eye have identified components of the PCP pathway, and conserved function for many of the vertebrate homologs in PCP signaling has been demonstrated. On the basis of phenotype, genetic interactions, cell biology, and biochemical studies, these components can be divided into distinct functional modules (Tree et al. 2002a) . The Ft/Ds/Fj module, sometimes referred to as the global module, is proposed to link the direction of polarization to the tissue axes (Yang et al. 2002; Ma et al. 2003) . Recent evidence suggests that multiple global modules may coexist and cooperate in this function. The core module functions locally to coordinate and amplify molecular asymmetry within and between cells. Core module proteins segregate within cells into two distinct spatially separated complexes (for review, see Strutt and Strutt 2009 ). Via both intercellular and intracellular interactions, these proteins communicate and coordinate polarity information between neighboring cells that therefore orient as a group. Notably, the core module has no apparent intrinsic mechanism for orienting its action to the tissue axes. Finally, a variety of tissue-specific effector modules respond to signals from the global and core modules to mediate morphological polarization.
While both the Ft/Ds/Fj and core modules clearly function upstream of the tissue-specific modules, the relationship between the Ft/Ds/Fj and core modules is controversial. It was initially proposed that the Ft/Ds/Fj module acts upstream of the core module, orienting core module function that then amplifies and coordinates cell polarization (Yang et al. 2002; Ma et al. 2003) . This model has been challenged by observations interpreted to indicate that the Ft/Ds/Fj module signals directly to tissuespecific modules (a ''bypass'' pathway) and that the Ft/Ds/ Fj module does not signal to the core module (Casal et al. 2006) . However, the proposed existence of a bypass pathway does not logically exclude a signal from the Ft/Ds/Fj module to the core module, and we believe that current Figure 1 . PCP in the Drosophila wing epithelium. Global directional cues, encoded by expression gradients or diffusion of secreted factors, provide directional information. The core module coordinates and amplifies polarity by intercellular communication and feedback mechanisms, localizing distinct protein complexes to opposite sides of the cell. Cells respond with appropriate tissue-specific behaviors. In the wing (and much of the adult cuticle), each cell produces a prehair from the distal side of the cell that points distally. Examples of wings showing polarity in wild type, a core mutant (dsh 1 ), and a Ft/Ds/Fj module mutant (ft).
evidence allows for the possibility that output of the Ft/ Ds/Fj module is sensed by both the core and tissue-specific modules. This issue remains unresolved (Lawrence et al. 2007; Axelrod 2009 ) and is discussed only briefly here.
Core module
The core PCP machinery, defined in Drosophila and subsequently shown to be conserved in vertebrates, consists of six interacting proteins that, in a mutually interdependent way, segregate to distinct complexes on opposite sides of the cell. From an initial symmetric distribution, three of the six proteins, including the serpentine receptor Frizzled (Fz) (Vinson and Adler 1987; Vinson et al. 1989) , the multidomain cytoplasmic protein Dishevelled (Dsh) (Klingensmith et al. 1994; Theisen et al. 1994) , and the ankyrin repeat protein Diego (Dgo) (Feiguin et al. 2001) , become highly enriched at the distal (in the wing; equatorial in the eye; not yet reported in the abdomen) apicolateral domain of the cell cortex. The four-pass transmembrane protein Van Gogh (Vang) (Taylor et al. 1998; Wolff and Rubin 1998) and the prenylated LIM domain protein Prickle (Pk) segregate to the proximal (in the wing; polar in the eye) side. The sevenpass transmembrane cadherin Flamingo (Fmi) (Chae et al. 1999 ; Usui et al. 1999 ) localizes to both the proximal and (Fmi, Fz, Dsh, Dgo, Vang, and Pk) segregate to opposite sides of the cell. Ft/Ds/Fj-dependent MTs may provide directional information to orient this segregation. In the eye, asymmetric core proteins bias Notch-Delta signaling between the R3 and R4 precursors, leading to dorsal and ventral polarity of ommatidia in the respective halves of the eye. In the abdomen, gradients of Ds and Fj are oppositely oriented in anterior and posterior compartments. Localization of core components is presumed based on hair polarity. distal (wing) sides (Fig. 2) . Physical interaction data are consistent with a model in which the proximal (Fmi, Vang, and Pk) and distal (Fmi, Fz, Dsh, and Dgo) proteins exist in complexes, and the proximal and distal complexes interact between neighboring cells (Bastock et al. 2003; Jenny et al. 2003; Wong et al. 2003; Chen et al. 2008) . It was proposed that these complexes are linked by Fmi homodimers that bridge across the intercellular space (Usui et al. 1999; Chen et al. 2008) . The selectin Furrowed also appears to facilitate this intercellular interaction by stabilizing Fz in the membrane (Chin and Mlodzik 2013) . Evidence for direct interaction between Fz and Vang has also been presented (Wu and Mlodzik 2008) , although other evidence indicates that this interaction may not be essential ). Consistently, studies using mosaic analyses showed that the proximal complex recruits the distal complex to the membrane of neighboring cells and vice versa, and, at the same time, each complex also blocks recruitment of the other complex to the same side through a mutual exclusion mechanism (Tree et al. 2002b; Amonlirdviman et al. 2005; Strutt and Strutt 2007) . Together, these interactions constitute a bistable switch, tending toward an allor-none accumulation of proximal and distal complexes oriented in one direction. Several documented intracellular physical interactions may contribute to this activity (Tree et al. 2002b; Das et al. 2004; Jenny et al. 2005 ), but specific mechanisms are unknown.
In the fly wing, Fz accumulates on the distal side and Vang accumulates on the proximal side of the cell, where, by a poorly defined mechanism, they specify the location for prehair initiation. In the eye, Fz localizes to the R3 side of the R3/R4 precursor border and Vang localizes on the R4 side of the same border, directing preferential Delta expression in the prospective R3 and Notch expression and activation in the prospective R4 ( Fig. 2 ; Cooper and Bray 1999; Fanto and Mlodzik 1999; .
Global modules
The core PCP module locally coordinates and amplifies polarity but requires information to correctly orient local polarity with respect to the tissue axes. It has long been presumed that such information would be encoded in the form of diffusion or expression gradients of one or more key signaling molecules along the tissue axes. The Ft/Ds/ Fj module meets these criteria, as both Ds and Fj are expressed in oppositely oriented gradients in each of the well-studied tissues and compartments (Clark et al. 1995; Brodsky and Steller 1996; Yang et al. 2002; Ma et al. 2003) . The model holds that expression gradients of Ds and Fj provide directional information, which is converted into oriented subcellular asymmetries that are interpreted by downstream mechanisms. In brief, the atypical cadherins Ft and Ds form asymmetric heterodimers that may orient in either of two directions at any apical cell-cell boundary. The Golgi resident protein Four-jointed (Fj) (Villano and Katz 1995; Zeidler et al. 2000; Yang et al. 2002; Ma et al. 2003) phosphorylates extracellular domains of Ds and Ft and modulates their binding, enhancing the affinity of Ft for Ds and diminishing the affinity of Ds for Ft (Ishikawa et al. 2008; Brittle et al. 2010; Simon et al. 2010 ). Heterodimers with biased orientation then provide directional cues to downstream systems. Flies mutant (in either whole tissue or large clones) for these proteins and thus lacking the global directional cue display swirling hair polarity patterns (Fig. 1) . The strong local polarity coordination and observed asymmetry of core PCP proteins indicate intact function of the core module but absence of global alignment.
A distinct global orienting cue could be provided by Wnt family proteins. These diffusible ligands are ideal candidates, as they bind to Fz family receptors (among others) and could produce a gradient of Fz activity. Indeed, Wnt5a, Wnt7a, and Wnt11 have been shown to control PCP in vertebrates (for review, see Vladar et al. 2009; Gao and Yang 2013) , but little convincing data have emerged to show that they can provide directional information. Similarly, in Drosophila, it was shown that DWnt4 mutant eyes display PCP defects in a small region where DWnt4 is normally expressed (Lim et al. 2005) . A more recent study suggests that Wingless (Wg) and DWnt4 act redundantly to provide directional information close to the wing margin (Wu et al. 2013 ) where these Wnts are coexpressed and believed to diffuse to form a gradient (Couso et al. 1994; Lim et al. 2005; Chen et al. 2008) . A model has been proposed in which Wg and DWnt4 directly orient the core PCP module by modulating local interaction between Fz and Vang in a graded manner (Wu et al. 2013) . Thus, at least in the wing, Wnts likely provide a global cue to orient PCP. Additional arguments suggesting a multiplicity of global signals are described below.
Diversity of planar polarity signaling pathways
The PCP pathway described above controls many planar polarization events in Drosophila, but at least several tissues display planar polarization that is under the control of distinct regulatory mechanisms. The embryonic ectoderm undergoes tissue elongation and narrowing during germ band extension. Polarized junctional rearrangements direct this tissue reorganization and depend on planar polarity that is independent of the PCP signaling proteins described above (Zallen 2007; Bertet and Lecuit 2009; Vichas and Zallen 2011) . Another planarpolarized cell behavior that does not rely on the PCP pathway is the elongation of the Drosophila egg chamber during oogenesis. Interestingly, this event requires Fat2, a Fat homolog, and the receptor tyrosine phosphatase Lar for the planar-polarized orientation of actin filaments in follicle cells (Gutzeit 1990; Viktorinova et al. 2009 ).
The Ft/Ds/Fj module and interaction with the core PCP signaling pathway Introduction to Fat, Dachsous, and Four-jointed: PCP and Hippo growth pathway regulation Fat (Mahoney et al. 1991) and Ds (Clark et al. 1995) were initially identified as tumor suppressors and only later shown to have functions in PCP regulation (for review, see Reddy and Irvine 2008; Staley and Irvine 2012) . Their tumor suppressor function depends on regulation of the Hippo growth regulatory pathway, likely by regulating the level and localization of the Hippo pathway component Expanded (Bennett and Harvey 2006; Silva et al. 2006; Willecke et al. 2006 ) and the levels of Warts Feng and Irvine 2007) . The final Hippo pathway target is the transcriptional coactivator Yorkie (Yki). Activation of the pathway results in phosphorylation of Yki by Warts and its retention in the cytoplasm (Huang et al. 2005; Dong et al. 2007 ). In the absence of signal, translocation of Yki into the nucleus promotes cell proliferation and growth and inhibits apoptosis, resulting in massive overgrowth and larval lethality. Interestingly, regulation of both the PCP and Hippo pathways depends on expression gradients of Ds and Fj. The vector of these gradients provides directional information for PCP signaling (Yang et al. 2002; Ma et al. 2003; Simon 2004) , while the slope regulates Hippo-dependent responses (Rogulja et al. 2008) . Regulation of Hippo signaling by Ft/Ds/Fj has been thoughtfully reviewed elsewhere and is not discussed at length here (Reddy and Irvine 2008; Staley and Irvine 2012) .
Structure of Fat, Ds, and Fj
Ft The Drosophila Fat protein is a member of the cadherin superfamily, a group of type I integral membrane proteins characterized by the presence in the extracellular domain of cadherin-type repeats composed of two b sheets mediating Ca 2+ -dependent binding. Ft contains 34 tandem cadherin-type repeats, five epidermal growth factor (EGF)-like repeats, and two laminin G-like domains in its extracellular region followed by the transmembrane and intracellular domains (Fig. 3) . Ft is predicted to encode a 5147-amino-acid protein with a calculated mass of 560 kDa and is expressed at significant levels in a number of epithelia. Ft is constitutively cleaved at either of two sites (Fig. 3 ) located in the extracellular domain of the protein (Feng and Irvine 2009 ), but it is not yet known whether these modifications are associated with any function. Ft is phosphorylated by Fj, a Golgi-localized ectokinase, on four cadherin domains (3, 5, 11, and 13) (Ishikawa et al. 2008) , and this modification increases the binding affinity between Ft and Ds cadherin repeats (Simon et al. 2010) .
The intracellular portion of Ft does not contain conserved domains. It is phosphorylated by Discs overgrown (Dco) in a Ds-dependent manner (Feng and Irvine 2009; Sopko et al. 2009 ). There is conflicting evidence as to whether this modification is required for regulation of Hippo signaling by Ft (Matakatsu and Blair 2012; Pan et al. 2013) , but it appears to be dispensable for PCP regulation (Pan et al. 2013) . The Ft intracellular domain also interacts with Lowfat (Lft; in lft mutants, Ft expression is reduced) (Mao et al. 2009 ) and Atrophin (also known as Grunge) (Fanto et al. 2003) . Surprisingly, all known protein interaction domains in the Ft intracellular domain appear to be dispensable for Hippo and PCP pathway function (Matakatsu and Blair 2012; Pan et al. 2013; Zhao et al. 2013) . For example, the FtDECDD1-C construct (Fig. 3) rescues ft mutant overgrowth (Hippo pathway) and PCP defects but lacks the binding regions identified for Lowfat, Grunge, and Dco (Matakatsu and Blair 2012). However, these somewhat crude assays may well obscure functions for these domains.
Ds Like Ft, the Drosophila Ds protein is a type I transmembrane cadherin protein with 27 cadherin repeats followed by the transmembrane and intracellular domains. Ds is predicted to encode a 3503-amino-acid protein with a calculated mass of 380 kDa. Ds is expressed in the embryonic ectoderm, imaginal discs, and the brain (Clark et al. 1995) . In contrast to Ft, Ds is expressed in gradients that may contribute to its ability to provide directional information (and growth regulatory activity), as discussed below (Zeidler et al. 1999; Casal et al. 2002; Yang et al. 2002; Ma et al. 2003; Lawrence et al. 2004) . Biochemical analyses of Ds revealed that the protein undergoes proteolytic processing at two alternative cleavage sites located in the extracellular domain (Fig. 3; Feng and Irvine 2009 ). The cleavage is Ft-dependent, as the balance is shifted toward one preferred site in ft-null wing discs. Ds is phosphorylated by Fj on three cadherin domains (3, 6, and 9) (Ishikawa et al. 2008) , and this modification decreases its affinity for Ft with demonstrated consequences for the polarity function of Ds (Brittle et al. 2010; Simon et al. 2010) . The intracellular domain of Ds binds to Dachs (Bosveld et al. 2012) . Dachs is important in Hippo pathway regulation and may also participate in regulating PCP.
Fj Fj encodes a type II transmembrane protein (Villano and Katz 1995; Zeidler et al. 2000) with kinase activity (Ishikawa et al. 2008) . Fj is expressed in gradients along the proximal-distal (P-D) axis in imaginal discs (Zeidler et al. 1999; Casal et al. 2002; Yang et al. 2002; Ma et al. 2003; Lawrence et al. 2004 ) and is largely localized to the Golgi in vivo and in transfected cells (Strutt et al. 2004 ). Four-jointed phosphorylates the cadherin domains of Ft and Ds as they transit through the Golgi (Ishikawa et al. 2008 ). An acidic sequence motif (Asp-Asn-Glu) within Fj is essential for its kinase activity in vitro and its biological activity in vivo.
Model of Ft/Ds/Fj function in PCP
The discovery of functions for Ft/Ds/Fj in PCP offered an alternative to the prevailing view that diffusible factors would provide the gradient signal for a global directional cue in PCP signaling. The module is proposed to convert transcription gradients of Fj and Ds into subcellular asymmetries of Ds-Ft heterodimers that reside at adherens junctions (AJs) (Yang et al. 2002; Ma et al. 2003) . The mechanism and evidence supporting it are described at length below. The essential feature of this mechanism is that it captures information about the direction of the tissue axes and provides subcellular asymmetric molecular cues that are available to orient PCP to the tissue axes.
Epistasis of Ft/Ds/Fj and core modules
Epistasis experiments in the eye (Yang et al. 2002; Simon 2004) indicate that ds and fj function through Ft to provide a polarity signal, and experiments in the eye and wing (Yang et al. 2002; Ma et al. 2003) suggest that the signal from Ft serves to orient the core PCP module. Within clones of ft, ds, or fj, the core module retains function, as evidenced in the wing by asymmetrically localized core PCP proteins and the local alignment of polarity. However, orientation of polarity is dissociated from the tissue axes, indicating a loss of global directional input. If, on the other hand, the Ft/Ds/Fj system did not orient core function, one would expect to observe normally oriented core PCP protein localization in clones despite misoriented hair polarity. This epistasis relationship is clearer in the eye, where clonal analysis demonstrates that Ft expression in either R3 or R4 influences ommatidial polarity only in the presence of Fz (Yang et al. 2002) . Recent experiments provided additional evidence favoring this model for the eye but challenge the view in other Drosophila tissues (Simon 2004; Casal et al. 2006; Mao et al. 2006; Repiso et al. 2010; Donoughe and DiNardo 2011) . Flattening the gradients of Fj and Ds disrupts polarity in the eye (Simon 2004 ), as the model would predict, but in the same flies, polarity in the wing is only disturbed in limited regions. Thus, in the wing, expression of these components is necessary, but the gradients of expression are less critical for function. A very limited requirement for core protein function in tissues that depend on Ft/Ds/Fj is also difficult to reconcile with a simple epistatic relationship Donoughe and DiNardo 2011) . Nonetheless, it must be noted that the Ft/Ds/Fj and core modules cannot simply be considered redundant, as mutations in either system produce at least some polarity disruption that is not rescued by the other module.
A bypass pathway?
The results described above led to the proposal that output from the Ft/Ds/Fj module bypasses the core module and is used directly by tissue-specific modules. The essential experiment leading to this proposal is the observation that cells overexpressing Ft or an active form of Ds cause repolarization of adjacent cells even if they are mutant for fz or fmi (Casal et al. 2006; Lawrence et al. 2007) . A similar result was observed in ventral embryonic epidermis (Donoughe and DiNardo 2011) . How could these adjacent cells respond by altering their polarity if polarity depends on a core module downstream from Ft/ Ds/Fj and the core module is disabled? This is essentially an epistasis experiment, and the interpretation depends entirely on the presumption that the putative ''downstream'' module is null for all function when mutant for fz or fmi (Avery and Wasserman 1992) . Evidence indicating that this condition is not satisfied weakens the conclusion and has been discussed at length elsewhere (Axelrod 2009 ). Furthermore, it is known that propagation of asymmetry occurs within the Ft/Ds/Fj module (much as it does in the core module), so that asymmetry of Ft-Ds at the overexpression boundary will produce asymmetry in nearby cells (described below), thereby delivering a signal to the nearby cells. Therefore, we believe that the existence of a bypass pathway is possible but has not yet been adequately tested, and the ultimate demonstration would require identifying its mechanism. Of course, the existence, or not, of a bypass pathway is independent of and has no bearing on whether the Ft/Ds/ Fj module signals to the core module. Finally, it is worth noting that many of the relevant experiments have been performed in only one tissue, leaving open the possibility of tissue-specific differences in pathway architecture. Although it is possible that interaction between Ft/Ds/Fj and the core module varies by tissue, we favor more conservative models unless proven otherwise.
Multiplicity of global signals
One explanation for the failure of flattened Ds and Fj gradients to produce polarity defects across the entire wing is redundancy of global signaling systems. The existence of multiple global cues (Lim et al. 2005; Sagner et al. 2012; Wu et al. 2013 ) could explain the limited polarity defects in tissues mutant for ft or ds but having rescued Hippo signaling (Mao et al. 2006; Blair 2006, 2012; Brittle et al. 2012) . In these animals, hairs are misoriented only in part of the wing and abdomen. The most direct evidence to date for additional directional signals is the finding that Wnts secreted from the wing margin provide such a signal, at least in the wing (Wu et al. 2013) , while other findings at least imply the possibility of multiple such signals (Sagner et al. 2012) .
Another clue suggesting the existence of additional directional signals comes from the embryonic ventral epidermis, where columns of denticle-producing cells are polarized with contributions from both Ft/Ds/Fj and core modules (Price et al. 2006; Repiso et al. 2010; Donoughe and DiNardo 2011) . Here, unexpected polarity reversals are observed in ds fz double mutants that are not observed in either single mutant, suggesting that impairing both modules unmasks the activity of an additional signal working in opposite directions in parts of the tissue (Donoughe and DiNardo 2011) . Future studies will reveal whether yet other systems also contribute to coordinating PCP with the tissue axes.
Pathway architecture
Although it remains controversial, we believe that the best interpretation of existing data is that the Ft/Ds/Fj module serves as a global module, acting upstream and providing directional information to the core PCP module, and that the existence of a bypass pathway remains an open question. However, it seems clear that the Ft/Ds/ Fj module is not the sole global cue, as was originally proposed. Global signals might act upstream of and orient the core module or act in parallel to the core module. The existence of multiple global cues acting upstream of the core module can, we believe, fully explain existing data regarding the wing without invoking bypass pathways. Similarly, in the eye, the best model is that the Ft/Ds/Fj module acts upstream and provides directional information to the core module. The relative paucity of data makes the situation in the abdomen more difficult to interpret. While others have proposed that here the Ft/ Ds/Fj module acts in parallel with the core module, we believe that either a series, a parallel, or a combined architecture is possible. While it is of course conceivable that the Ft/Ds/Fj and core modules interact differently in different tissues, we suggest that working models should favor the likelihood of similarities rather than differences. To accurately describe the role of the Ft/Ds/Fj module in regulating PCP, a more detailed understanding of factors that influence how Ft, Ds, and Fj interact with each other as well as the cell biological and biochemical signals they provide as outputs is urgently needed.
A rectification problem
An interesting puzzle not yet adequately explained by any model is the inconsistent relationship between the direction of core module polarization (as indicated by hairs or asymmetric PCP protein segregation) and the direction of the Ds and Fj gradients. For example, in the wing, Fz segregates to the side of the cell closer to the high end of the Fj gradient (Zeidler et al. 2000; Strutt 2001 ), while in the eye, it segregates to the side of the cell closer to the low end of the Fj gradient (Zeidler et al. 1999; . In the fly abdomen, which is composed of repeating anterior and posterior segments, anterior and posterior have opposite relationships, with the anterior resembling the eye and the posterior resembling the wing . Regardless of whether the Ft/Ds/Fj module acts on the core module or in parallel, a system for rectifying what would appear to be oppositely oriented inputs in some of the tissues is needed.
Mechanism of Fat/PCP polarity regulation

The heterodimer model
The Ft/Ds/Fj module is proposed to function by converting transcription gradients of Fj and Ds into subcellular asymmetries of Ds-Ft heterodimers (Yang et al. 2002; Ma et al. 2003) . Ft and Ds localize to AJs, where they form heterodimers that can orient in either of two directions. Fj was proposed to make Ft a stronger ligand and Ds a weaker ligand for the other. As Fj and Ds are expressed in opposing gradients across tissues, the gradients redundantly promote the accumulation of an excess of FtDs heterodimers in one orientation relative to the other (Fig. 2) . The net result is a conversion of directional information contained in transcriptional gradients of Fj and Ds into subcellular gradients of Ds-Ft heterodimers. These subcellular gradients can then provide information to regulate orientation of polarization according to the direction of the gradients by mechanisms that are not yet identified. Opposing Ds and Fj gradients are observed in all polarized Drosophila tissues studied to date and are established early in development, when the tissues are small (Clark et al. 1995; Zeidler et al. 1999 Zeidler et al. , 2000 Yang et al. 2002) . In the wing disc, proximodistal patterning occurs in response to Wg from the dorso-ventral compartment boundary and Dpp from the A-P compartment boundary. These morphogens directly or indirectly shape the gradients of Ds and Fj expression in the wing (Cho and Irvine 2004; Rogulja et al. 2008; Zecca and Struhl 2010) , with high expression of Ds in the proximal part and Fj in the distal part of the wing. In the eye, the Ds and Fj expression gradients are established by a combination of Wg, JAK/STAT, and Notch signaling along the dorsoventral axis (Zeidler et al. 1999; Yang et al. 2002) , and in the abdomen, these gradients are established by Wg and Hh along the A-P axis (Struhl et al. 1997; Casal et al. 2002; Lawrence et al. 2002) . As the tissues grow, these gradients are predicted to become very shallow but may be maintained by feedback regulation (Yang et al. 2002; Rogulja et al. 2008) .
The Ft-Ds heterodimer model is central to current views of Ft/Ds/Fj module function and allows for biased orientation that depends on the directions of fj and ds transcription gradients. The observation that Ft and Ds form heterodimers was originally made in the wing, where Ft in ds clones is recruited to the side of the cell in contact with wild-type cells expressing Ds and vice versa (Ma et al. 2003; Matakatsu and Blair 2004) , and was subsequently confirmed in cultured cells, where Ft and Ds mediate heterophilic interaction between cells (Matakatsu and Blair 2004; Simon et al. 2010) . By measuring affinities in cell culture assays, it was shown that the interaction between Ft and Ds is regulated by Fj kinase, which phosphorylates cadherin domains of Ds and Ft (Ishikawa et al. 2008) , presumably during passage through the Golgi, increasing the affinity of Ft for Ds and weakening the affinity of Ds for Ft (Brittle et al. 2010; Simon et al. 2010) . In vivo evidence for this model of Fj function comes from the observations that overexpressing Fj in ds clones, thereby phosphorylating Ft, enhances recruitment of Ds to the adjacent side of neighboring wild-type cells (Simon et al. 2010) . Conversely, overexpression of Fj in ft clones, phosphorylating Ds, decreases recruitment of Ft in adjacent wild-type cells (Simon et al. 2010) .
Asymmetric orientation of Ft-Ds heterodimers is predicted to result from oppositely oriented expression gradients of Ds and Fj through the interactions described above and may, in principle, provide a vector that could orient PCP. Importantly, the inferred asymmetric subcellular localization of Ft-Ds heterodimers was only recently demonstrated to indeed exist and is observed where the gradients of Ds and Fj appear to be steepest (Ambegaonkar et al. 2012; Bosveld et al. 2012; Brittle et al. 2012) . In the Drosophila notum where this polarization was first reported (Bosveld et al. 2012) , enrichment of Ds along cell borders orthogonal to the ds and fj gradients contributes to planar polarization of tissue and controls tissue morphogenesis. It is proposed that elevated Ds accumulation binds and locally recruits the myosin Dachs, generating tension and consequently contraction that results in junctional rearrangements. Asymmetric subcellular accumulation of Ft, Ds, or Dachs has now been observed in Drosophila wing (Ambegaonkar et al. 2012; Brittle et al. 2012 ) and eye (Brittle et al. 2012 ) discs in patterns consistent with control by the ds and fj expression gradients, lending additional evidence to the hypothesis that expression gradients of fj and ds lead to polarization of Ft and Ds within cells. The polarization is weaker than observed for core PCP protein polarization, consistent with the early proposal that this system provides a weak directional signal that is amplified by the core module (Ma et al. 2003) .
It seems unlikely that the mechanism described above could produce a substantial or even detectable difference in Ds and Ft localization across individual cells without an amplification mechanism. The existence of such an amplification mechanism would, in addition to strengthening polarization of these proteins, also explain the observed propagation of polarization into neighboring cells when Ft or Ds expression is manipulated in clones (Ambegaonkar et al. 2012; Brittle et al. 2012) . Accumulation of Ft in one cell would recruit Ds within neighboring cells or vice versa, and amplification would facilitate the corresponding enrichment and depletion on the opposite side of the neighboring cell. A propagation mechanism for the Ft/Ds/Fj module was predicted computationally (Ma et al. 2008) , and propagation of asymmetry is in fact seen in wing discs around clones overexpressing Ds (or activated forms thereof), where propagation of asymmetric Ds and D localization is observed perpendicular to the clone boundary up to several cell diameters from the clone (Ambegaonkar et al. 2012; Brittle et al. 2012) . The observed nonautonomy of the Ft/Ds/Fj module is reminiscent of the nonautonomy produced by the core PCP module, albeit weaker. Propagation of core PCP module polarization spans as many as 10 cell diameters, while propagation of Ds polarization around Ds-overexpressing clones is typically seen to reach only two to four cells away from the clone. Dachs, a downstream component of Fat signaling (perhaps in PCP as well as Hippo signaling), is also polarized in wing and eye discs (Mao et al. 2006; Ambegaonkar et al. 2012; Brittle et al. 2012) , and its asymmetry is propagated in the same manner as asymmetry of Ds. Dachs asymmetry is seen up to four to five cells away from Ds-overexpressing clone boundaries (Ambegaonkar et al. 2012; Brittle et al. 2012) . The stronger polarization of Dachs compared with Ft and Ds might indicate an amplification mechanism downstream from Ft and Ds or may simply reflect the possibility that detection of Dachs is more robust than that of Ds.
No mechanism that amplifies initial differences in oriented Ft-Ds heterodimers has been identified, but a characteristic of such amplification mechanisms is mutual antagonism between oppositely oriented complexes (as observed, for example, in Notch-Delta signaling) (Fortini 2009; Guruharsha et al. 2012) or between proximal and distal core PCP complexes (Tree et al. 2002b) . A potential molecular underpinning of such a mechanism is suggested by the observed Ft-dependent proteolytic processing of Ds (Ambegaonkar et al. 2012 ). As mentioned above, Ds is endoproteolytically cleaved at either of two sites, each producing a distinct pair of polypeptides (Fig.  3) . In the absence of Ft, the preference for cleavage site changes such that, in wild-type tissue, there is more product from the more C-terminal cleavage, and in ft mutant discs, cleavage occurs preferentially at the more N-terminal site. The observed effect of Ft on Ds processing could be part of an amplification mechanism if one postulates that the alternative processing produces two differently functioning Ds isoforms. To understand the significance of the Ft-dependent cleavage choice, it will be important to determine whether cleavage results from cell-autonomous or nonautonomous interactions in addition to discerning potentially different behaviors of the alternatively cleaved isoforms.
Possible mechanisms for molecular linkage between the Ft/Ds/Fj system and core PCP module A definitive mechanism has not yet been demonstrated that might transmit a directional signal from the Ft/Ds/Fj module to the core module, but several have been proposed, and more than one might contribute input to the core module. The Ft/Ds/Fj module potentially produces both transcriptional and nontranscriptional signals, but for the purposes of providing directional signals, asymmetric Ft-Ds subcellular localization would most plausibly provide directional cues by a direct nontranscriptional mechanism. The identification of Ft and Ds polarization across cells suggests possible mechanisms by which the Ft/Ds/Fj module could orient the core PCP module.
An attractive hypothesis for a molecular link between these two modules derives from the finding that the Ft/ Ds/Fj system spatially patterns the microtubule (MT) cytoskeleton. In the wing, noncentrosomal MTs spanning the apical aspect of the cell are aligned along the P-D axis, with a modest excess of plus ends on the distal side of the cell (Eaton et al. 1996; Shimada et al. 2006) . These MTs contribute to the transport of Fz (and perhaps Dsh and Fmi) during the course of core PCP protein localization. At least a modicum of evidence indicates that MT polarization depends on Ft/Ds/Fj: Mutation of Ds has been found to alter MT orientation in a specific region of the wing, and graded misexpression of Ds reverses the direction of MT growth in a manner consistent with the hypothesis that MTs orient their plus ends in the direction of high-toward-low Ds expression (Harumoto et al. 2010) . These data point toward a model in which polarization of Ft and Ds patterns the MT cytoskeleton, which in turn contributes to alignment of core module polarization. The polarized transport of Fz (or Dsh or Fmi) would only need to be sufficient to break the symmetry of the core module in a specified direction; the intrinsic amplifying function of the core module would then produce a robust polarization of core module proteins without relying on MT-based transport for bulk movement. The robust asymmetric accumulation of core proteins would then localize downstream targets that trigger actin organization and hair growth in a polarized manner.
A contrasting mechanism involving a different function for Ft and Ds has been proposed to contribute to the alignment of the core PCP module with the tissue axes in the wing. In the third instar wing disc, core PCP proteins organize in a radial pattern in the wing pouch, and, during pupal wing development, this radial pattern reorganizes into a parallel pattern aligned with the P-D axis (Classen et al. 2005) . The initial radial alignment of core PCP proteins in the third instar was proposed to depend on spontaneous organization (Aigouy et al. 2010 ) and subsequently was suggested to derive cues from known axial patterning systems that operate in the wing (Sagner et al. 2012) . How these systems might orient PCP was not specified. A unique role for Ds and Ft was invoked to explain the reorganization from radial to parallel pattern during pupal development. Ds-dependent contraction of the hinge region of the wing during pupal development was found to induce tissue remodeling in large regions of the wing (Aigouy et al. 2010 ). This contraction was proposed to impose anisotropic tension on the wing blade, thereby inducing cell flow through junctional rearrangement-mediated neighbor exchange, cell elongation, and oriented cell divisions, and exert shear that would reorient PCP domains. Although it is not known what causes contraction of the hinge region, it is partially dependent on Ds, and one might imagine a mechanism similar to that which remodels the notum (Bosveld et al. 2012) . In ds mutant animals or in wing blades severed from the hinge, the normal pattern of cell flow, cell elongation, and oriented cell divisions is disrupted, and core module complexes are not correctly redistributed from the radial pattern to the mature P-D-aligned parallel pattern, suggesting a causal relationship.
While this model is appealing, several observations suggest that other contributions are required. The effect of ds and ft clones on polarity within the wing blade indicates local functions of these proteins in addition to their action in the hinge Ma et al. 2003 Ma et al. , 2008 . Furthermore, ft and ds mutant animals show perturbed polarity of core module proteins in third instar wing discs (Sagner et al. 2012) , and timing experiments show requirements for Ds in the third instar (Matakatsu and Blair 2004; Aigouy et al. 2010) , both indicating roles in PCP prior to pupal wing rearrangements. Notably, a reorganization of the Ds expression pattern in the wing occurs concomitantly with and may indeed be caused by hinge contraction (Matakatsu and Blair 2004; Hogan et al. 2011) , possibly explaining reorganization from the radial to parallel PCP pattern (Bayly and Axelrod 2011) . It is also worthwhile to point out that while the hinge contraction model is applicable to the wing, morphogenetic rearrangements that could allow a similar mechanism to explain Ft/Ds/Fj action in the eye and abdomen are not apparent.
Direct cytoskeletal signals are appealing candidates for transmitting directional information from the Ft/Ds/Fj module, but transcriptional mechanisms remain a possibility. It has been noted that within ft or ds clones in the eye, polarity is reversed in several rows of ommatidia at the polar or equatorial border of the clone, respectively (Sharma and McNeill 2013) . Polarity propagation by the core module might account for this reversal and propagation. However, it has been noted that clones mutant for the Ft-binding transcriptional regulator Atrophin show the same effect as ft clones inside the polar border, raising the possibility that a signal from Fat through Atrophin induces production of a diffusible signal to mediate the reversal. Since Atrophin only functions near the equator of the eye, other factors could perhaps play similar roles in other regions. Additional work will be required to define the signal mediating polarity propagation within ft and ds eye clones.
An unanswered question is the potential role of Dachs in PCP. Dachs is an unconventional myosin with clear importance in the regulation of the Hippo pathway by Ft. At least two examples in which polarization of Dachs is clearly regulated by the Ft/Ds/Fj system have been reported (Mao et al. 2011b; Bosveld et al. 2012) . Polarized distribution of Dachs was shown to produce anisotropic junctional tension that contributes to the orientation of cell divisions (Mao et al. 2011b ) and cell rearrangements (Bosveld et al. 2012) . Together with the subtle polarity defects in dachs mutant tissue (Held et al. 1986 ), this polarization might suggest that Dachs is part of the mechanism that allows Ft/Ds/Fj to orient PCP. However, several observations argue against a model in which Dachs polarization plays a central role in the alignment of the core PCP module. First, the polarity defects in dachs mutant tissue range from very mild to undetectable in various tissues (Held et al. 1986; Mao et al. 2006) . Second, the characterized examples in which Dachs functions as a myosin to regulate Ft/Ds/Fj-dependent morphogenesis do not involve the core PCP module, suggesting that Dachs mediates a readout independent of orienting core PCP function.
Although not yet clear, we suggest that Dachs is likely to have only indirect effects in regulating the polarity of hairs, bristles, or ommatidia either with or without the core module. Nonetheless, Dachs is an important part of the Ft/Ds/Fj-dependent but (apparently) core module-independent morphogenetic processes regulating junctional tension and cell division orientation described above that should indeed be considered manifestations of PCP.
Complexity of Fat activity in PCP
Current models of Ft/Ds/Fj module polarization in PCP and in Hippo signaling depend on the observation that Ft and Ds heterodimerize through their cadherin domains and that orientation of these heterodimers results from expression gradients of Ds and Fj. However, despite the essential role of cadherin domains in any simple model of this intercellular interaction, Fat protein derivatives lacking the cadherin domains (FtDECD) provide substantial polarity-rescuing activity in ft-null mutant wing and abdominal tissue Blair 2006, 2012; Zhao et al. 2013) . Clearly, the observation of activity in these derivatives implies a mechanism more complex than that outlined above. While it is probably premature to abandon the notion that Ft and Ds heterodimerization is an important part of a general mechanism of Ft/Ds/Fj function upon which some tissues (eye) rely more heavily than others, additional features of the mechanism undoubtedly remain to be discovered. Future analyses should consider the possibility of accessory proteins that participate in heterodimerization as well as the possibility that additional directional signals act by recruiting Ft, perhaps coopting its ability to organize apical MTs.
In addition to Ft and Ds heterodimerization, Ft and Ds may have an intrinsic, intracellular mechanism that might contribute to polarization, as discussed above. Such a polarizing mechanism could involve the Ft-dependent cell-autonomous endoproteolytic processing of Ds described earlier (Ambegaonkar et al. 2012 ). This interaction would not depend on the extracellular cadherin domains of Ft and Ds. One would expect that this type of polarization mechanism could read the Ds gradient but should be insensitive to Fj. Experimental support for this idea could come from the observation of polarized distribution of Ft and Ds lacking extracellular domains.
Another puzzling result is indicative of unexpected intracellular Ft-Ds interactions. Overexpression of a truncated Ds construct lacking the extracellular domain DsDECD has weak nonautonomous effects in the eye, suggesting a dominant-negative activity (Sharma and McNeill 2013) . When overexpressed in a ds mutant clone, DsDECD produces substantial polarity reversal in the first row of ommatidia outside the equatorial border of the clone. Surprisingly, the nonautonomy depends on Ft within the clone, as the nonautonomy vanishes when the clones are mutant for both ft and ds. Thus, the intracellular domain of Ds produces a Ft-dependent signal that is unexplained by the current, simple model of Ft-Ds interaction.
The observation that FtDECD provides PCP-rescuing activity in ft, ds double mutants in both the wing and abdomen (Matakatsu and Blair 2012) indicates that a mechanism other than a hypothetical intracellular Dsdependent polarization must come into play. One possibility is that the Ft intracellular domain contributes to polarization by regulating the MT cytoskeleton as discussed before but can be oriented by interaction with other global cues independent of Ds and Fj. In other words, Ft could sit at the point of convergence of multiple global directional signals.
Three recent studies were able to take advantage of the rescuing activity of the Ft intracellular domain to map specific intracellular sequences with PCP activity in the fly wing and abdomen (Matakatsu and Blair 2012; Pan et al. 2013; Zhao et al. 2013) . In all three structurefunction studies, a domain with PCP-rescuing activity was identified. In two studies, the mapped regions in the cytoplasmic domain overlap (Matakatsu and Blair 2012; Zhao et al. 2013 ), but the third study identified a nonoverlapping domain ( Fig. 3 ; Pan et al. 2013 ). The two distinct PCP domains may interact with a common effector but might also reflect interactions with distinct effector pathways. In addition to identifying PCP domains, all three studies also mapped a domain responsible for suppressing overgrowth defects in ft mutant tissues. Each of the three studies concluded that Ft PCP function is transduced by sequences distinct from those mediating Hippo activity. This is especially important for the correct interpretation of improved polarity when Ft Hippo activity is rescued, for example, by overexpressing Warts in ft-null tissues (Mao et al. 2006; Feng and Irvine 2007; Brittle et al. 2012) . The strong polarity defects in ft and ds mutant tissue are therefore caused in part by the Hippo-dependent proliferative response, and suppressing this overgrowth by rescuing Hippo activity somewhat improves PCP. In this background, separating PCP and Hippo activities not only facilitated the demonstration that a truncated form of Ft with no Hippo activity recues PCP in the ft mutant abdomen but also confirmed that regulation of the Hippo pathway by Ft is not necessary for producing PCP activity (Matakatsu and Blair 2012) .
Conservation of Fat/PCP in vertebrates
In vertebrates, many feature of the PCP signaling pathway identified in insects are strongly conserved, regulating epithelial polarization as well as cell intercalations (convergent extension) during gastrulation and neurulation (for review, see Roszko et al. 2009 ). In addition to a strongly conserved core module (for review, see Goodrich and Strutt 2011) , the mouse and human genomes encode four Ft homologs, two Ds homologs, and one Four-jointed homolog. Mice carrying a null mutation in the Fat4 (Saburi et al. 2008 (Saburi et al. , 2012 or Ds1 (Mao et al. 2011a ) gene show PCP-related developmental defects, including cystic kidneys as well as broader neural tubes and cochleae due to defects in convergent extension (Saburi et al. 2008 (Saburi et al. , 2012 Mao et al. 2011a) . Fat4 genetically interacts with Vangl2, a vertebrate homolog of Drosophila Vang (Saburi et al. 2008 (Saburi et al. , 2012 , suggesting that a Ft module likely interacts with a core module to regulate vertebrate PCP. Of the four Ft homologs, the intracellular domain of Fat4 shows the highest similarity to Drosophila Ft. Remarkably, the intracellular domain of mouse Fat4, in a chimera with the remainder of Drosophila Ft, can rescue PCP defects in the Drosophila wing and abdomen, suggesting that the mechanism of Ft function in flies and vertebrates is likely conserved (Pan et al. 2013 ).
Concluding remarks
Many components of the PCP signaling pathway have been identified and characterized in model organisms, and important inroads have been made in elucidating the molecular mechanism underlying PCP, although much remains to be learned. Further identification and characterization of upstream directional cues that link cellular polarity with tissue axes, including the Ft/Ds/Fj module, will be essential to understand the larger picture of PCP regulation. As related studies in vertebrates continue, it will be interesting to discover the range of variations and adaptations of the mechanism that participate in the more diverse morphogenetic events linked to vertebrate PCP signaling.
